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Abstract
Internalization of the insulin receptor occurs following insulin binding at the cell surface, which serves to attenuate the
insulin signal as well as modulate the number of surface insulin receptors. Obese animals exhibit decreased cell surface insulin
receptor number as well as defects in insulin receptor internalization and processing. The insulin receptor may also
translocates to the nucleus of hepatocytes and adipocytes following stimulation of cells with insulin. The objective of this
study was to determine if insulin receptor trafficking to the hepatocyte cell nucleus could be observed in vivo and whether this
process was altered in obese compared to lean mice. Mice were fasted for 12 h to reduce serum insulin to basal levels. Animals
were then given an oral meal of glucose to stimulate the binding of insulin to receptor in vivo. Hepatocyte plasma membrane
and nuclei were fractionated to purity following the glucose meal. Levels of insulin receptor were determined using insulin
binding assays and a Western blotting assay using anti-insulin receptor antibody. As the amount of serum insulin increased
following the glucose meal, a corresponding increase in nuclear insulin binding occurred in lean animals but not obese
animals (P6 0.05). Following the glucose meal, insulin receptor detected in the cell nucleus was increased in obese compared
to lean mice (P6 0.05). Thus insulin receptor translocation to the nucleus was demonstrated in vivo following a glucose meal
in hepatocytes of both lean and obese animals. It is suggested that serum hyperglycemia and hyperinsulinemia in obese mice
increased translocation of the insulin receptor to the nucleus. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Obesity and non-insulin-dependent diabetes melli-
tus (NIDDM) share characteristic features including
insulin resistance and fasting hyperglycemia, which
suggests that obesity is strongly associated with in-
sulin resistance [1]. NIDDM is more likely to develop
as the degree and duration of obesity increases and if
the obesity is centrally located [1]. The basis for the
relationship between obesity and insulin resistance is
not known [2].
At the cellular level, obesity causes abnormalities
in major phases of the insulin signaling pathway:
ligand receptor binding and activation, post-receptor
signaling, and hormone-e¡ector systems [3]. In ro-
dent models of obesity, insulin receptor levels are
reduced in liver [4^7]. The decrease in insulin recep-
tors in obesity may be caused by a reduction in cell
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density, or number of insulin receptors per surface
area of the cell, which occurs as the size of the cell
increases [8]. It has been suggested that the increase
in circulating free fatty acids that accompany obesity
impairs insulin binding to its receptor [7,9]. The de-
crease in insulin receptor activity in obesity may be
induced by hyperinsulinemia that occurs with the
disease. High plasma insulin concentrations regulate
cell surface receptor numbers, a phenomenon termed
down-regulation. Thus, as the amount of ligand
binding to the insulin receptor increases the rate of
ligand-induced internalization is increased resulting
in lower receptor levels on the cell surface [10^12].
Internalization of the insulin receptor also func-
tions to clear and inactivate insulin, thus attenuating
the signal, modulating the number of surface insulin
receptors, and therefore the insulin sensitivity of the
cell. Another function of internalization may be the
transmission of the insulin signal by allowing the
activated receptor to gain access to plasma mem-
brane-inaccessible substrates. Of interest is the ¢nd-
ing that the insulin receptor tyrosine kinase within
the endosomal apparatus is four- to six-fold more
active than that within the plasma membrane [13,14].
In obese compared to lean subjects, defects in in-
sulin receptor internalization [6,15,16] and processing
[17] have been demonstrated by measuring the intra-
cellular pool of receptors following ligand stimula-
tion. Increasing concentrations of free fatty acids im-
pair internalization of insulin in a dose-dependent
manner in cultured hepatocytes [9]. This defect ap-
peared to be related to reduced ability to process
receptor-bound insulin and not related to numbers
of receptors available.
In studies tracking the insulin-receptor complex
within the cell, insulin receptors have been localized
on the nucleus in hepatocytes [13,18^20] and adipo-
cytes [14,21]. Insulin binding sites were indicated by
the presence of speci¢c 125I-insulin binding to iso-
lated nuclei. Insulin receptor accumulation in the
cell nucleus has been reported in vitro, using adipo-
cytes [14,21] and hepatocytes [18]. All of these studies
report no detection of receptor under non-stimulated
conditions, or under situations where ligand receptor
recycling was impaired. These ¢ndings support the
hypothesis that insulin receptors are found in the
cell nucleus in a period following ligand stimulation.
The objective of the present study was to deter-
mine if insulin receptor ligand-induced recycling
and association with the cell nucleus can be observed
in vivo. In obese compared to lean mice, insulin
binding to hepatocyte nuclear membranes is reduced
[22]. Therefore a second objective was to determine if
accumulation of insulin receptors in hepatocyte nu-
clei upon ligand stimulation is impaired in an animal
model of obesity. The experimental design included
stimulation of liver insulin receptor in vivo by ad-
ministering a glucose meal to fasted lean and obese
mice. Hepatocyte nuclei were isolated at selected
times following the glucose meal and levels of insulin
receptor in the nuclei were determined by 125I-insulin
binding and by Western blotting assays.
2. Materials and methods
2.1. Animal care and treatment
The animal protocols were approved by the animal
welfare committee and met conditions speci¢ed by
the Canadian Committee on Animal Care.
Eight week old C57 Black 6 J lean (C57BL/6J)
(+/+) and obese (ob/ob) mice (Jackson Laboratories,
Bar harbor, ME, USA), were housed in groups of
four to six in polypropylene cages. Mice were given
free access to a rodent diet (Laboratory Standard
Rodent Diet 5001, PMI Feeds, St. Louis, MO,
USA). Prior to an experimental day, animals were
fasted for 12 h beginning at 8 pm and ending at
8 am, on the day of the experiment. Mice were
then given a 3 g/kg body weight dose of glucose by
oral gavage. At selected times (0, 15, 30, 60, 90, 120,
and 180 min) following this glucose meal, mice were
anesthetized with Halothane (Halocarbon Laborato-
ries, Rivers Edge, NJ, USA), and blood was collected
by cardiac puncture. Animals were killed by cervical
dislocation and liver was immediately removed. Six
mice were used for analysis for each timepoint fol-
lowing the glucose meal, except where indicated oth-
erwise.
2.2. Preparation of liver nuclei
Liver nuclei were isolated according to the proce-
dure by Blobel and Potter [23] with the following
modi¢cations. Immediately after removal, each liver
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was minced in ice cold homogenization bu¡er con-
taining 50 mM Tris-HCl pH 7.5, 250 mM sucrose,
1 mM MgCl2, 1 mM PMSF, 1 mM benzamidine-
HCl, 1 Wg/ml leupeptin, 1 Wg/ml pepstatin A, and
0.0044 TIU/ml aprotinin. Liver was homogenized us-
ing a Potter-Elvehjem homogenizer, using 2 up-down
stokes, and then ¢ltered through ¢ve layers of
cheesecloth. A crude nuclear pellet was obtained by
centrifugation (20 min at 1450Ug at rmax) using a JA
20 rotor (Beckman Instruments, Palo Alto, CA,
USA). The supernatant was used for plasma mem-
brane puri¢cation. The pellet was suspended in ho-
mogenization bu¡er (2 ml/g liver). This bu¡er con-
taining 2.4 M sucrose was added to the suspension
until the sucrose concentration was 1.6 M. The sus-
pension was then centrifuged (70 900Ug at ravg for
70 min) using a SW28 rotor (Beckman Instruments).
The pellet containing nuclei was suspended in nuclei
isolation bu¡er containing 50 mM Tris-HCl, 250
mM sucrose, 5 mM MgCl2, 2.5 KCl, 1 mM PMSF,
1 mM benzamidine-HCl, 1 Wg/ml leupeptin, 1 Wg/ml
pepstatin A, and 0.0044 TIU/ml aprotinin. One vol-
ume of nuclei isolation bu¡er containing 2.2 M su-
crose was added and the resulting suspension was
overlayered over 5 ml of this 2.2 M sucrose contain-
ing bu¡er. Nuclei pellets were pelleted by centrifuga-
tion (70 900Ug at ravg for 60 min). Pellets were sus-
pended in nuclei isolation bu¡er and one volume of
2.2 M sucrose containing nuclei isolation bu¡er was
added. Finally the nuclei suspension was overlayered
on 5 ml of 2.2 M sucrose containing nuclei isolation
bu¡er and centrifugation was repeated. The pellet
containing puri¢ed nuclei, was resuspended in 1 ml/
g of nuclei isolation bu¡er.
2.3. Insulin binding to isolated nuclei
Insulin binding assays [24,25] were done on freshly
isolated nuclei preparations. Insulin binding activity
of nuclei was measured by incubating preparations
containing 200 Wg protein for 2 h at 25‡C with 4 nM
of 125I-labeled porcine insulin (40 WCi/ug, NEN Life
Science Products, Boston, MA, USA). Samples were
incubated in a ¢nal volume of 200 Wl of bu¡er con-
taining 62.5 mM sucrose, 5 mM Tris-HCl pH 7.5, 0.5
mM EDTA, 2.5 mM MgCl2, 0.25 mg/ml bovine se-
rum albumin, in the presence (20 Wg/ml) and absence
of excess unlabeled insulin. The receptor-125I-labeled
insulin complex was separated from free 125I-insulin
by adding 0.6 ml 50 mM N-[2-hydroxyethyl]pipera-
zine-NP-[2-ethanesulfonic acid] (HEPES), 0.1% w/v
rabbit Q-globulin, 10% w/v polyethylene glycol
8000, and incubating for 15 min on ice before cen-
trifugation (14 000Ug at ravg for 5 min). The super-
natant containing unbound insulin was aspirated and
pellets counted using a Gamma 8000 counter (Beck-
man Instruments). The radioactivity precipitated in
the presence of unlabeled insulin was considered
non-speci¢c binding. Speci¢c binding was calculated
by subtracting non-speci¢c binding from radioactiv-
ity precipitated in the absence of unlabeled insulin,
and was expressed as fmol of insulin bound per mg
protein.
2.4. Glucose and insulin determination
Immediately after blood collection, serum was pre-
pared by centrifugation (2000Ug at ravg for 10 min)
using a JS-4.3 rotor, (Beckman Instruments). Serum
was frozen at 370‡C until analysis. Serum glucose
was determined using a Glucose Trinder Reagent
(Sigma Diagnostics, St. Louis, MO, USA) for the
enzymatic determination of glucose. Insulin was
measured using a commercial double antibody im-
munoassay for rat insulin (Linko Research, St.
Louis, MO, USA).
2.5. Nuclei purity and protein determination
Protein content of nuclei was determined [26]. Nu-
clei were assayed for 5P nucleotidase activity as a
measure of plasma membrane contamination, succi-
nate cytochrome c reduction as a measure of mito-
chondrial contamination and glucose 6-phosphatase
as a measure of contamination by endoplasmic retic-
ulism (Table 1, [27]). Contamination of isolated nu-
clei was assessed by calculating the relative speci¢c
activity of the respective enzymes. Relative speci¢c
activity can be estimated by dividing the speci¢c ac-
tivity in units/min/mg protein of the marker enzyme
in the nuclear fraction by the speci¢c activity of the
marker enzyme of the puri¢ed fraction where it is
localized. This value is expressed as a percentage.
Nuclei were analyzed for DNA content [28]. This
value was estimated by dividing the amount in mg
of DNA measured in puri¢ed nuclei by the amount
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of DNA measured in whole homogenate in mg and
expressed as a percentage. Nuclei suspensions were
inspected visually under the light microscope after
staining with methylene blue (0.2% v/v) and ethidium
bromide (100 Wg/ml) at 400U magni¢cation to deter-
mine that nuclei were intact.
2.6. Immunoblotting
Samples of rat liver plasma membrane (100 Wg
protein), and nuclei (30 Wg protein) were subjected
to SDS-PAGE using a 7.5% (w/v) gel under reducing
conditions [29], and electrotransferred to nitrocellu-
lose. Nitrocellulose sheets were blocked for 1 h at
25‡C with 5% (w/v) bovine serum albumin Fraction
V (Sigma) for analysis using anti-IR. Nitrocellulose
sheets were then probed with anti-IR (1/25 dilution)
overnight at 4‡C in blocking solution containing
0.1% (v/v) Tween-20 and then washed with phos-
phate bu¡ered saline PBS, 0.1% (v/v) Tween-20. De-
tection was with horseradish peroxidase-conjugated
secondary antibody (1/3000 dilution) followed by en-
hanced chemiluminescence imaging on X-ray ¢lm us-
ing ECL reagent (Amersham, Little Chalfont Buck-
inghamshire, UK). The intensity of the bands was
quanti¢ed by scanning densitometry using the GS-
670 Imaging Densitometer (BioRad Laboratories,
Hercules, CA, USA).
2.7. Puri¢cation of the insulin receptor
Insulin receptor was puri¢ed from plasma mem-
brane isolated in larger quantity from liver of male
Sprague-Dawley rats. Rats were housed and fed
under the conditions given for mice. Rats were fasted
for 12 h prior to extraction of liver. To collect liver
tissue, rats were killed by carbon dioxide asphyxia-
tion followed by cervical dislocation. At time of
death animals were 11 weeks old, weighed 440 þ 17
g and liver tissue weighed 18.9 þ 0.7 g. Plasma mem-
brane was prepared according to an established pro-
cedure [30] modi¢ed as follows: livers were processed
as described above. The post-nuclear supernatant
was centrifuged (8700Ug at rmax for 20 min) to pellet
mitochondria. The remaining supernatant was spun
(105 000Ug at rmax for 30 min) in a Ti45 rotor (Beck-
man Instruments) to pellet plasma membranes. Plas-
ma membranes were then puri¢ed by resuspending
the pellet in bu¡er containing 0.25 M sucrose,
5 mM Tris-HCl at pH 7.5, 1 mM ethylenediamine
tetraacetic acid (EDTA), 1 mM PMSF, 1 benzami-
dine-HCl, 1 Wg/ml leupeptin, 1 Wg/ml pepstatin A,
and then adding this bu¡er (1.04 vol) containing
2.4 M sucrose so that the ¢nal concentration of the
homogenate was 1.35 M. The suspension was ali-
quoted into centrifuge tubes and overlayered with
0.3 vol of the 0.25 M sucrose-containing bu¡er.
Tubes were centrifuged (231 000Ugav for 30 min)
using a Ti70.1 rotor (Beckman Instruments), and
plasma membranes were collected at the interface.
Insulin receptor was puri¢ed from plasma membrane
as described [34] with modi¢cations. Plasma mem-
branes were solubilized in a bu¡er containing 50
mM Tris, 1 mM PMSF, 1 mM benzamidine-HCl,
1 Wg/ml leupeptin, 100 Wg/ml pepstatin A, 10 TIU/
ml aprotinin, and 2% (v/v) Triton X-100 (Sigma) for
2 h at 4‡C. Insoluble proteins were precipitated by
centrifugation (100 000Ugav for 1 h in a SW28 rotor;
Table 1
Isolation of nuclei and plasma membrane from mouse liver
5P Nucleotidase DNA
Total activity
(nmol/min)
Speci¢c activity
(nmol/min/mg protein)
Fold
puri¢cation
Total DNA
(mg per three livers)
Yield of DNA
Homogenate 40800 þ 2990 30.1 þ 1.3 1 50.6 þ 3.1 100
Plasma membrane 4290 þ 1010 167 þ 36.2 5.5 þ 1.0 n.d.
Nuclei 912 þ 212 5.7 þ 1.2 0.2 þ 0.0 4.2 þ 0.4 8.3 þ 0.5
Values are mean þ standard error of the mean (n = 8). Four mice fed ad libitum and four mice fasted for 12 h were used for plasma
membrane and nuclei puri¢cation and marker enzyme analysis. Statistical analysis was done using Student’s t-test (P6 0.05). Values
were not found to be di¡erent between treatments and were therefore pooled. Speci¢c activity was calculated as the ratio of total en-
zyme activity to total protein. Puri¢cation (two-fold) was calculated as the speci¢c activity of the fraction of interest divided by the
speci¢c activity of the homogenate. n.d., not determined.
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(Beckman Instruments). Supernatant was supple-
mented with 0.09% (w/v) MgCl2 and applied to Tri-
ticum vulgaris (Wheat germ)-agarose (Sigma) pre-
equilibrated in 50 mM N-(HEPES) pH 7.6, 1 mM
PMSF, 1 mM benzamidine-HCl, and 150 mM
NaCl, and mixed gently overnight at 4‡C. The gel
slurry was washed with 50 mM HEPES, 1 mM
PMSF, 1 mM benzamidine, 150 mM NaCl, 10 mM
MgSO4, 0.1% (v/v) Triton X-100, pH 6.0 (20 vol),
and 50 mM HEPES pH 7.6, 1 mM PMSF, 1 mM
benzamidine-HCl, 150 mM NaCl, 0.1% (v/v) Triton
X-100, pH 7.6 (10 vol). Insulin receptor bound to the
column was eluted with 50 mM HEPES, 1 mM
PMSF, 1 mM benzamidine-HCl, 150 mM NaCl,
0.1% (v/v) Triton X-100, 0.5 TIU/ml aprotinin,
20 WM pepstatin A, 20 WM leupeptin, and 0.3 M
N-acetyl-D-glucosamine, pH 7.6. The eluted glyco-
protein fraction was supplemented with 0.09% (w/v)
MgCl2 and mixed overnight at 4‡C with Insulin-
Agarose (Sigma) that had been preequilibrated with
50 mM Tris-HCl, 0.1 mM PMSF, 0.1% (v/v) Triton
X-100 pH 7.5. The gel slurry was poured into a glass
column and washed with 50 mM Tris-HCl, 0.1 mM
PMSF, 0.1% (v/v) Triton X-100, and 1 M NaCl, pH
7.5 (100 vol). Insulin receptor bound to the column
was eluted with 0.05 M sodium acetate, pH 5.0
(2 vol). Fractions (1 ml) were collected into tubes
containing 0.1 ml 1 M HEPES, 0.1% (v/v) Triton
X-100, 0.1 mM PMSF, and 20 mM ethyleneglycolte-
traacetate, pH 7.8. Insulin receptor was assayed dur-
ing various steps in the puri¢cation using insulin
binding assays and by labeling protein contained in
eluent with 125I.
2.8. Insulin receptor antibody preparation
Puri¢ed insulin receptor was con¢rmed by mobi-
lity under reducing conditions on sodium-dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and by insulin binding activity [24,25]. Poly-
clonal antibody to puri¢ed insulin receptor was
raised using standard techniques [31] in a Flemish
Giant X Dutch Lop Ear rabbit housed at the Bio-
logical Sciences Center at the University of Alberta.
Insulin receptor was injected subscapularly, using
MPC+TDM+CWS Emulsion (RIBI Immunochem
Research, Hamilton, MT, USA). Ten days following
each inoculum, an enzyme-linked immunoassay [31]
was used to test for the presence of antibodies in
rabbit serum against insulin receptor in plasma mem-
brane isolated from rat liver. After four immuniza-
tions the rabbit was killed and blood removed by
cardiac puncture. Antibody to the L-subunit of the
insulin receptor was puri¢ed from serum by incuba-
tion of the serum with the 95 kDa protein blotted
onto nitrocellulose paper. After extensive washing
with PBS, 0.1% (v/v) polyoxyethylenesorbitan mono-
laurate (Tween-20), pH 7.3, anti-insulin receptor was
eluted by a 2 min wash with 0.2 M glycine-HCl pH
2.8. Puri¢ed antibody, referred to as anti-IR, was
tested for e¡ectiveness in various immunoassays
and was found to detect commercial and laboratory
produced insulin receptor preparations in Western
blotting, and to immunoprecipitate insulin receptor
in plasma membrane and nuclei preparations as ef-
fectively as commercially obtained antibodies includ-
ing anti-human IR K subunit GRO7 from Oncogene
Science (Uniondale, NY, USA), or anti-human L-
subunit from Transduction Laboratories (Lexington,
KY, USA). Antibody prepared from rat liver recep-
tor was found to recognize mouse insulin receptor in
both Western blotting and immunoprecipitation im-
munoassays.
2.9. Statistical analysis
The di¡erence between time of treatment following
the glucose meal was assessed using analysis of var-
iance procedures (SAS Version 6.11, SAS, Cary, NC,
USA) [32]. Six animals were analyzed for each of the
seven timepoints. A signi¢cant di¡erence between
treatment was determined by a Duncan’s multiple
range test (P6 0.05) [33].
3. Results
3.1. Animal characteristics
Body weights and liver weights of lean mice were
similar among animals treated for di¡erent time pe-
riods following the glucose meal, and averaged
28.4 þ 0.3 g, and 1.3 þ 0.02 g respectively. Obese
mice weighed 46.6 g þ 1.1 g and had liver weights
of 1.84 þ 0.04 which was signi¢cantly greater than
observed for lean animals (P6 0.05). There were no
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di¡erences in body weight or liver weights between
obese mice treated for di¡erent time periods follow-
ing the glucose meal.
3.2. Nuclei purity
The amount of contamination of isolated nuclei by
plasma membrane was assessed by marker enzyme
analysis using 5P nucleotidase. The relative speci¢c
activity of nuclear membrane 5P nucleotidase com-
pared to the activity found in plasma membrane
was 3.2 þ 1.2% (Table 1). There was no di¡erence
found between % contamination of nuclei by plasma
membrane isolated from hepatocytes from mice fed
ad libitum (5.5 þ 2.3%) and mice fasted for 12 h
(3.52 þ 1.3%). Inspection by bright ¢eld microscopy
revealed intact nuclei with no apparent contamina-
tion by cellular debris.
3.3. Serum glucose and insulin concentrations
Serum glucose concentrations in both lean and
obese animals responded to oral glucose by increas-
ing from basal concentrations of 8.6 þ 1.5 mM and
13.6 þ 1.9 mM to 24.7 þ 1.3 mM and 33.7 þ 2.0 mM
for lean and obese respectively, within 15 min follow-
ing the glucose meal (Fig. 1). Within the time course
measured, glucose levels were highest between 15 to
30 min following the glucose meal. At 120 and 180
min following the glucose meal, serum glucose con-
centrations decreased to basal levels in both lean and
obese mice. Obese mice exhibited a greater serum
glucose concentration compared to lean mice follow-
ing the 12 h fast and at 15, 30, 60, 90 min following
the glucose meal (P6 0.05). Basal serum insulin con-
centrations in lean and obese mice were 19.0 þ 4.7
pM and 170 þ 16.7 pM, respectively. Within the
time period tested, serum insulin concentrations
peaked in both lean and obese mice within 15 to
30 min following the glucose meal (Fig. 2,
P6 0.05). By 30 min following the glucose meal, se-
rum insulin concentrations in both lean and obese
animals had fallen to levels exhibited under fasting
conditions. Obese mice exhibited hyperinsulinemia
under fasting conditions and at all times following
the glucose meal (P6 0.05).
Fig. 2. Serum insulin response to the glucose meal in eight
week lean and obese mice. Mice were fasted for 12 h before
treatment with 3 g/kg body weight glucose. After selected time
periods following treatment, mice were anesthetized and blood
removed by cardiac puncture. Serum was prepared and assayed
for insulin, which was expressed in pM. Data represent
mean þ standard error (n = 6 per timepoint). For comparisons
between the basal timepoint (0 min) and other times following
the glucose meal for serum insulin of lean animals, a statistical
di¡erence was determined by Student’s t-test. Other compari-
sons are made by analysis of variance. Values with di¡erent let-
ters within the same curve are signi¢cantly di¡erent (P6 0.05).
A value labeled with (*) within the lean curve is signi¢cantly
di¡erent from the obese value at the same timepoint (P6 0.05).
Fig. 1. Serum glucose response to the glucose meal in eight
week lean and obese mice. Mice were fasted for 12 h before
treatment with 3 g/kg body weight glucose. After selected time
periods following treatment, mice were anesthetized and blood
removed by cardiac puncture. Serum was prepared and assayed
for glucose, which was expressed in mM. Data represent
mean þ standard error of the mean (n = 6 per timepoint). Values
with di¡erent letters within the same curve are signi¢cantly dif-
ferent (P6 0.05). A value labeled with (*) within the lean curve
is signi¢cantly di¡erent from the obese value at the same time-
point (P6 0.05).
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3.4. Insulin binding to isolated nuclei
Speci¢c insulin binding to hepatocyte nuclei in-
creased in lean animals within 15 min and then fell
to values similar to basal by 60 min following the
oral glucose meal (Fig. 3). Insulin binding to hepa-
tocyte nuclei taken from obese animals did not ap-
pear to change following the glucose meal. Levels of
insulin bound to hepatocyte nuclei from obese ani-
mals did not di¡er from the levels observed in lean
animals. The e¡ect of serum insulin on levels of nu-
clear insulin binding observed in lean versus obese
animals was evaluated by plotting the amount of
nuclear insulin binding versus its serum insulin con-
centration for each animal (data not shown). As the
amount of serum insulin increased following the glu-
cose meal, an increase in insulin binding occurred in
the nuclei in lean animals but not in obese animals
(P6 0.05); suggesting that responsiveness to ligand
measured by nuclear insulin binding may be greater
in lean animals and that cross contamination of
membrane fractions with plasma membrane is also
unlikely to account for any of the di¡erences ob-
served.
3.5. Immunoassay of insulin receptor in plasma
membrane and isolated nuclei
Insulin receptor levels were measured in hepato-
cyte plasma membrane and nuclei by Western blot-
ting analysis using an anti-insulin receptor antibody.
Only times 0, 15 and 180 min following the glucose
meal were assessed (Fig. 4). Plasma membrane levels
of insulin receptor were signi¢cantly reduced from
basal levels at 180 min following oral glucose treat-
ment. The level of insulin receptor in plasma mem-
brane of lean and obese animals was similar at basal
and at all timepoints following the glucose meal. In-
sulin receptor levels in nuclei of obese but not lean
mice increased from fasting conditions at 15 and 180
min following the glucose meal (Fig. 5). At 180 min
following the glucose meal insulin receptor levels in
the nuclei remained high. The levels of nuclear insu-
Fig. 4. Plasma membrane insulin receptor levels measured by
Western blotting immunoassay. Mice were fasted for 12 h be-
fore treatment with 3 g/kg body weight glucose. After selected
time periods following treatment, liver was removed and nuclei
isolated. Plasma membrane was puri¢ed and 100 Wg protein
samples were subjected to SDS-PAGE followed by Western
blotting using anti-insulin receptor antibody. Values are ex-
pressed in densitometer units. Data represent mean þ standard
error (n = 6 per timepoint). Statistical di¡erence was determined
by Student’s t-test. Values are expressed as % change from lev-
els obtained using lean animals or obese animals. Comparisons
were made between selected time following the glucose meal
and basal condition (0 min) (0 timepoint = 1.94 þ 0.24 units).
Values with di¡erent letters indicate signi¢cant di¡erences be-
tween timepoints. Signi¢cant di¡erences in comparison of lean
versus obese animals within the same timepoint are indicated
with an asterisk.
Fig. 3. 125-I-labeled insulin binding to isolated hepatocyte nuclei
of lean and obese mice following the glucose meal. Mice were
fasted for 12 h before treatment with 3 g/kg body weight glu-
cose. After selected time periods following treatment, the liver
was removed and nuclei isolated. Nuclei extract (200 Wg) was
used in an insulin binding assay. Speci¢c insulin binding was
measured as fmol insulin bound per mg protein. Data represent
mean þ standard error (n = 6 per timepoint). A statistical di¡er-
ence was determined by Student’s t-test. Comparisons were
made between selected times following the glucose meal and
basal conditions (0 min). Values with di¡erent letters within the
same curve are signi¢cantly di¡erent (P6 0.05).
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lin receptor were similar at basal conditions but the
change from basal was greater for obese animals
compared to lean animals at 15 and 180 min follow-
ing the glucose meal.
4. Discussion
In the present study eight week old C57BL/6J ob/
ob mice exhibited high blood glucose and high plas-
ma insulin levels at both fasting conditions and fol-
lowing an oral glucose bolus. Obese mice of this
strain exhibit diabetes after four weeks of age and
this animal model is used to study the pathogenesis
of obesity and diabetes mellitus in humans [32].
Plasma membrane insulin receptor levels were sig-
ni¢cantly reduced by 26% in lean and 41% in obese
mice at 180 min following an oral glucose meal com-
pared to basal levels. Previous studies have reported
that stimulation with insulin reduces the number of
cell surface insulin receptors due to ligand-induced
internalization [15,18,33^35]. The rate of loss of re-
ceptors from the plasma membrane was reported to
be 30% within 15 min following insulin stimulation
in adipocytes [33]. In other studies [15,18,33^35], the
percentage of total cell-associated insulin receptor
internalized was reported. As the plasma membrane
pool represents 90% of the total amount of cell-asso-
ciated receptor, the amount of plasma membrane
insulin receptor internalized may be estimated to
closely approximate the decrease in cell-associated
receptor [33,34]. Thus the rate of loss of receptors
from the plasma membrane can be estimated to be
27^36% in 15 min. These studies report more rapid
rates of insulin receptor internalization than what
was observed in the present study, which may re£ect
the physiological di¡erences in methodologies used
to measure insulin receptor concentration. In the
above studies [15,18,33^35], insulin receptor levels
were measured using 125I-labeled insulin binding as-
say which estimates the insulin binding capacity of
the plasma membrane compartment. In the present
study, plasma membrane insulin receptor levels were
estimated by Western blotting. The immunoassay
may have higher sensitivity than an 125I-labeled in-
sulin binding assay as ligand receptor recognition
may occur even if the receptor is not in its native
conformation. Not all available receptors on the
cell surface bind insulin upon stimulation of the
cell. However, these unbound or spare receptors
may have been measured using the immunoassay
and may have interfered with measurement of inter-
nalized receptor.
Obesity was not found to a¡ect the rate of ligand-
induced internalization of the insulin receptor in
the present study. A reduced amount of insulin bind-
ing to plasma membrane observed in obesity is
speculated to be due to impaired internalization
and processing of receptor following ligand binding.
A reduced amount of insulin-induced receptor inter-
nalization has been reported to occur in obesity
[6,15,16,36] in some but not all studies [17]. A defect
in obesity occurred not during internalization but
during the processing and recycling of the receptor
back to the plasma membrane [17].
Insulin binding to hepatocyte nuclei was increased
in lean mice within 15 to 30 min following the glu-
cose meal. This peak in insulin binding to the nucleus
was within the time course of the increase in serum
insulin concentration. Insulin receptor levels in the
nucleus were not increased by an oral glucose meal
Fig. 5. Nuclear insulin receptor levels measured by Western
blotting immunoassay. Mice were fasted for 12 h before treat-
ment with 3 g/kg body weight glucose. After selected time peri-
ods following treatment, liver was removed and nuclei isolated.
Protein samples (30 Wg) were subjected to SDS-PAGE followed
by Western blotting using anti-insulin receptor antibody. Values
are expressed in densitometer units. Data represent mean þ stand-
ard error (n = 6 per timepoint). Statistical di¡erence was deter-
mined by Student’s t-test. Comparisons were made between se-
lected time following glucose gavage and basal condition
(0 min = 0.65 þ 0.21 units). Values with di¡erent letters indicate
signi¢cant di¡erences between timepoints. Signi¢cant di¡erences
in comparison of lean versus obese animals within the same
timepoint are indicated with an asterisk.
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when measured by immunoassay using anti-insulin
receptor antibody. One explanation for this is that
small changes in nuclear receptor levels are not meas-
urable by immunoassay, as there is a basal amount
of insulin receptor usually observed in the nucleus
[37]. Changes in nuclear insulin binding following
the glucose meal were not demonstrated in obese
animals. However Western blotting assay detected a
250% increase in insulin receptor concentration com-
pared to basal levels in the nuclei of obese animals
within 15 min following the meal of glucose. The
change in nuclear insulin receptor concentration in
obese hepatocytes was higher than that in lean ani-
mals following the glucose meal. These ¢ndings sug-
gest that in obese compared to lean mice, insulin
receptor translocation is enhanced, possibly due to
hyperinsulinemia. The early and sustained elevation
in nuclear insulin receptor levels in hepatocytes of
obese mice following the glucose meal (Fig. 5) may
suggest an early over-stimulation of insulin respon-
sive genes.
In conclusion, insulin receptor translocation to the
nucleus was demonstrated in both lean and obese
animals within 15 min following a meal of glucose.
If ligand-induced insulin receptor translocation to
the nucleus plays a role in insulin signaling to the
nucleus, alterations in translocation rates of the
insulin receptor induced by obesity may be respon-
sible for the changes in expression of insulin respon-
sive genes that has been demonstrated in obesity
[38,39].
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